The high-speed liquid chromatographic behavior of 15 tetracyclines on anionand cation-exchange columns is described and illustrated by typical separations of a number of tetracycline derivatives on several systems, as well as by the resolution of tetracycline from its degradation products epi-, epianhydro-, and anhydrotetracycline. These serve as a basis for a rapid, convenient, and precise method for the direct detection of the tetracycline antibiotics and their degradation products.
The high-speed liquid chromatographic behavior of 15 tetracyclines on anionand cation-exchange columns is described and illustrated by typical separations of a number of tetracycline derivatives on several systems, as well as by the resolution of tetracycline from its degradation products epi-, epianhydro-, and anhydrotetracycline. These serve as a basis for a rapid, convenient, and precise method for the direct detection of the tetracycline antibiotics and their degradation products.
Tetracycline has been analyzed by titrimetric (31) , polarographic (5, 10) , chromatographic (1-4, 8, 9, 11-13, 15, 19, 20, 22-25, 26, 28) , spectrophotometric (6, 7, 16-18, 21, 29, 30) , and microbiological methods. Many of these, in particular the official (USP and BP) microbiological methods, do not provide precise and accurate means for determining the tetracycline content in the presence of known degradation products, some of which are biologically active in vitro (epitetracycline and anhydrotetracycline). In addition, biological procedures provide no estimation of the microbiologically inactive but pharmacologically toxic degradation product epianhydrotetracycline, which has been implicated in several toxic manifestations, in particular the reversible renal dysfunction (Fanconi-type syndrome) caused by the injestion of degraded tetracycline products (see 11 and 13 for pertinent references). The USP and BP have thus found it necessary to prescribe additional chemical tests to augment the official microbiological methods.
Spectrophotometric procedures are more accurate than microbiological methods, but are often time-consuming and intricate since they are usually based on a prior separation by column or thin-layer chromatography or on conversion of the antibiotic to its more stable anhydro compound, or both. A more direct approach has involved the use of direct densitometry on thin-layer chromatograms (22, 26) . However, the direct assay of epianhydro-and anhydrotetracyclines in the presence of tetracycline is usually impossible by such methods, because the small amounts (<0.5%) naturally present entail the use of large spotting volumes, with consequent overloading and streaking of the tetracycline.
In an attempt to develop a more rapid, convenient, and precise method for the direct detection and analysis of these degradation products in bulk tetracycline and its formulations, a study of the high-speed liquid chromatographic behavior of tetracycline and related compounds has been initiated. This report describes the high-speed liquid chromatographic identification of 15 tetracyclines. The resolution of tetracycline from the degradation products epi-, epianhydro-, and anhydrotetracycline has also been achieved. MATERIALS Since tetracyclines exist as zwitter ions, the use of either cation-or anion-exchange chromatography is applicable to their separation. Table 1 lists both the adjusted retention volumes (VR1; 27) and relative adjusted retention volumes (relative to tetracycline; VR'R) for a number of tetracyclines. VR' is measured from the solvent peak to the apex of the solute peak, and VR'R is the ratio of the VR1 for the solute to the VR1 of tetracycline. These data provide a basis from which suitable column and mobile phase parameters can be selected for the analysis and separation of the compounds listed. The tetracyclines respond in a conventional manner to changes in the operating temperature, ionic strength, and pH of the mobile phase.
The VR1 and the column back pressure decrease as the column temperature is increased. Column efficiency varies markedly from solute to solute and is generally improved at elevated temperatures. As shown in Table 2 , height equivalent to theoretical plate values of 1.5 to 33.3 mm (i.e., 650 to 33 plates/meter) were observed for the tetracyclines under one particular set of parameters.
Increasing the ionic strength of the mobile phase produces a decrease in the VR1. Similarly, as the pH is increased on the cation exchangers or decreased on the anion exchanger, the VR1 decreases. Changes in pH also produce variations in VR'R; however, the isocratic separation of tetracycline, epitetracycline, anhydrotetracycline, and epianhydrotetracycline, the derivatives of particular interest in this study, could not be achieved solely by the adjustment of pH because of the highly retentive nature of the anhydro derivatives. These four compounds were successfully separated (Fig. 3) by the addition of ethanol to the mobile phase.
An increase in the alcohol concentration pro- (14) . The matrices of Zipax SAX, Zipax SCX, and Pellionex CP-128 are methacrylate, fluorocarbon, and polystyrene polymers, respectively. These differences are significant since the selection of the resin provides another parameter for the separation of the tetracyclines.
EDTA was found to be required for the elution of the tetracycline derivatives on both anion and cation exchangers. Although high ionic strengths will elute most derivatives, severe tailing results when EDTA is not present. The use of low concentrations (0.002 to 0.005 M) of EDTA in the mobile phase eliminates this tailing.
The quantitative aspects of these separations and their application to the quality control of tetracycline antibiotics in pharmaceutical formulations are under further investigation. ANTIMICROB. AG. CHEMOTHER.
